Roe deer Capreolus capreolus has often been mentioned in the literature as a good bioindicator of environmental pollution. To find out the levels of heavy metals (Cd, Pb, Hg, As, Zn) in roe deer tissues, this research project was begun near metallurgic and electricity generating centres of Slovenia in 1997. The results of the first sampling year reveal that metal burdens are the highest in the Koroška region, an industrial area in the northern part of Slovenia with a centuries-old tradition of mining and processing of lead ore. Levels (expressed on a wet weight basis) of Cd (2.91 ± 2.92, 7.13 ± 4.43 and 22.7 ± 8.92 mg kg -1 for fawns, yearlings and adults, respectively), As (0.23 ± 0.03 mg kg -1 ) and Zn (47.1 ± 8.26 mg kg -1 ) in kidneys as well as levels of Pb (0.71 ± 0.65 mg kg -1 ) in liver of animals shot in the Koroška region significantly exceed the levels measured in other Slovenian regions. On the contrary, metal levels in viscera of roe deer from the Šalek Valley (where the major Slovene power plant of Šoštanj is located) are low (0.14 ± 0.01, 38.2 ± 4.39 and 0.02 ± 0.03 mg kg -1 for As, Zn and Hg in kidney; 0.21 ± 0.04 mg kg -1 for Pb in liver, respectively). Relatively high levels of Hg (0.23 ± 0.09 mg kg -1 ; six-to tenfold higher compared to other areas of interest) in kidneys and Pb (0.55 ± 0.13 mg kg -1 ) in liver of animals shot in the control area of the Triglav National Park, which represents the area without any local emission sources, demonstrate the possibility that animals are being exposed to contaminants that we would not have expected from other data. Consequently, the value of roe deer as an accumulative bioindicator of environmental pollution with heavy metals is clearly confirmed.
B. Pokorny (bostjan.pokorny@erico.si), ERICo Velenje, Koroska 58, 3320 Velenje, Slovenia.ˇ a good (e.g. Grodzinska et al. 1983 , Tataruch 1991 , Findo et al. 1993 , Straub and Kreimes 1995 , Gnamuš and Horvat 1999 or even excellent (Wren 1986 ) bioindicator of heavy metal burdens of the environment. As well as hard body-parts such as teeth (e.g. Mankovska 1980 ) and antlers (e.g. Sawicka-Kapusta 1979 , Kardell and Källman 1985 , Samiullah and Jones 1991 , Chyla et al. 1996 , soft tissues (e.g. Hecht et al. 1984 , Müller 1985 , Frank 1986 , Chudik and Mankovska 1990 , Tataruch 1991 , Findo et al. 1993 , Pokorny and Ribarič-Lasnik 2000 are the most often used accumulative organs.
We compared levels of Cd, Pb, Hg, As and Zn in viscera of roe deer shot in the vicinity of Slovenian metallurgical and electricity generating centres, like the Koroška region (an industrial area with a centuries-old tradition of mining and processing of lead and zinc ore), the Šalek Valley (where the major Slovene power plant of Šoštanj is located) and the Zasavje region (where again a large power plant as well as a cement factory are operated). The Pokljuka Plateau situated in the Triglav National Park was included in the study as a control area without any local emission sources. A brief summary of the comparison (Pokorny and Ribarič-Lasnik 2000) with a similar research performed in the Koroška region in 1986 (Osrajnik 1990 ) is also given herein. It is of particular importance because in the meantime the primary manufacture of lead ore was stopped at the lead smelter at Žerjav. Resulting spatial and temporal differences in heavy metal burdens in roe deer tissues could reveal the importance of the species as a bioindicator.
Material and methods
Kidneys and livers of 188 roe deer (79 from the Šalek Valley, 43 from the Koroška region, 32 from the Zasavje region and 21 from the Pokljuka Plateau) were collected in the period from 1 June to 31 December 1997 by local hunter authorities. All animals were shot with legal permission. Each animal was assigned basic data such as sex, body weight, the date and shooting location. Age was estimated subsequently by an experienced hunter, using method of mandible tooth wear (Simonič 1976) . Age classes were defined as fawns, yearlings, young adults (2-4 yr), middle-aged adults (5-7 yr) and elderly adults (> 7 yr), respectively. The age estimation using tooth wear criteria is precise only in the case of fawns and yearlings, which have tricuspid deciduous third premolar. Although the error in the age estimation of adults is generally not high, averaging ± 1.02 yr (Hewison et al. 1999) , considerable errors could occur for certain specimens due to variation in rates of tooth wear among population and individuals as well as because of observer bias. To reduce that kind of error, all three adult subclasses were pooled together into one adult class (animals two or more years old) before the processing of data. This amalgamation is reasonable since previous statistical analysis did not reveal differences in levels of any single metal among adult subclasses (Pokorny 1999a) .
After dissection tissues were packed separately, frozen and sent to the laboratory at ERICo Velenje, where they were stored at -18°C till the analyses were performed. Tis- sues were homogenised with Büchi-Mixer B-400 with a ceramic knife. A CEM MSP 1000 microwave digestion system was used for a wet digestion of samples. Tissue samples (1.4-1.5 g, wet weight) were weighed to ± 0.1 mg into microwave digestion vessels to which 7 ml of conc. HNO 3 and 1 ml of H 2 O 2 were added. Element contents were determined using a Perkin Elmer SIMAA 6000 atomic absorption spectrometer. ) 92-110%. Student t-test and analysis of variance (ANOVA) with calculating lowest significant difference (LSD; LSD a-b = t α/2 *se√(1/n a + 1/n b ); Kotar 1977) were used for statistical evaluation of the data. Spatial and temporal comparisons were made only for the organs where the major accumulation of a particular element takes place (kidney for Cd, Hg, Zn and As; liver for Pb). All results are given as mg kg -1 on a wet weight basis.
Results
Levels of Cd, Pb, Hg, As and Zn in roe deer tissues from all areas are presented in Tables 1, 2 , 3, 4 and 5, respectively. To make the tables more explicit, only results for those organs where the major accumulation of a particular element takes place are given. Levels of Cd are presented separately for different age classes (fawns, yearlings and adult animals) because of increasing Cd levels in roe deer tissues with the age of the animal analysed (e.g. Tataruch 1991, Doganoc and Šinigoj-Gačnik 1995) . Discussion for Cd is limited to adults only due to a relatively small sample size for fawns and yearlings in all areas. Statistical analyses (t-test inside areas) showed no sexrelated differences in accumulation of any single element (example for Cd in the Šalek Valley: t = 0.19 [12] , 0.11 [27] and 0.71 [17] for fawns, yearlings and young adults, respectively), what is consistent with some previous studies (e.g. Woolf et al. 1982 , Müller 1985 . Moreover, the ANOVA procedure among age classes showed no age-related differences in accumulation of any single element except Cd, for which concentrations in the viscera significantly increase with the age class (for example, F [2, 38] = 5.46; p<0.01 and F [2, 72] = 8.79; p<0.001 for the Koroška region and the Šalek Valley, respectively). So, individual burdens of all toxic elements can be pooled together for both sexes as well as for all age classes (this last amalgamation being true for all elements but Cd). These simplifications make the species very suitable for the bioindicative purposes.
Discussion
Differences in levels of heavy metals in roe deer tissues are statistically significant among areas of interest (ANOVA, Table 6 ). The burdens are the highest in the Koroška region, an industrial area in the northern part of Slovenia with a centuries-old tradition of mining and processing of lead and zinc ore (Tables 1-5) , where levels of all toxic elements but Hg are significantly higher in comparison with other areas (Table 6 ). Furthermore, Cd levels in kidneys of adult animals shot in the Koroška region are among the highest levels ever measured in viscera of European roe deer as well as in its near relative white-tailed deer Odocoileus virginianus (Table 7) . Nevertheless, the Cd levels are well below the concentrations dangerous for the health of mammals, which are defined as 100-300 mg kg -1 of wet weight (for review, see Cooke and Johnson 1996, Pascoe et al. 1996) .
One previous study (Pokorny and Ribarič-Lasnik 2000; see also Osrajnik 1990) revealed that the average Cd levels in kidneys of yearlings shot in the Koroška region have increased 3.5-fold since 1986 (from 2.05 mg kg -1 to 7.13 ± 4.43 mg kg -1 ; p<0.05) and in kidneys of adults by more than tenfold (from 2.21 mg kg -1 to 22.7 ± 8.92 mg kg -1 ; p<0.001). Exact causes for that trend are unknown, but increasing emissions of Cd into the environment (industry, agriculture etc.) and increasing acidification of soil caused by acid rain (influence on the bioavaibility of Cd) should be mentioned among them. In contrast to Cd, which has a retention time over 10 yr, the half-time for Pb in soft organs of mammals is measured in weeks (Ma 1996) . Accordingly, Pb levels in viscera are indicators of the present exposure of animals, while the Cd levels are indicators of long-term exposure. Considering some European trends in heavy metal burdens in deer tissues -a decrease of Pb levels and an increase of Cd levels in last decade (Niemi et al. 1993 for moose Alces alces from Finland; Swiergosz et al. 1993 for red deer Cervus elaphus from Poland), it is not surprisingly that the average Pb levels in roe deer tissues from the Koroška region have decreased since 1986 (Pokorny and Ribarič-Lasnik 2000, see also Osrajnik 1990): from 1.72 to 0.04 ± 0.01 mg kg -1 (p<0.001) in kidneys and from 1.15 to 0.71 ± 0.65 mg kg -1 (p>0.05) in liver. The reduction of Pb emissions (the lead smelter at Žerjav stopped primary manufacture of lead ore in 1990) and the low bioavailability of the element (although soils are still heavily contaminated with Pb plants are unable to accumulate it; Grčman et al. 1999 ) are doubtless the main causes for the decline of Pb levels in roe deer tissues. The similar conclusion was made also for decreasing Pb concentrations in blood of dairy cows in the vicinity of the lead smelter in the Koroška region (Zadnik and Jazbec 1996) . However, because the unleaded petrol was introduced in Slovenia in the early nineties as well, the lead isotope ratios (see Åberg et al. 1999) should be used to draw a clear distinction between efficiency of both environmental protective measures.
Contrary to our expectations, the heavy metal burdens in the tissues of roe deer shot in the vicinity of the major Slovene power plant of Šoštanj are relatively low (Tables 1-6 ), although the power plant had emitted huge amounts of toxic elements (annually emissions up to 134 t, 122 t, 6 t and 0.6 t for Pb, Zn, As and Hg, respectively; Stropnik et al. 1994 ) before the emission control was built in 1995. Comparing other areas of interest, levels of As in the Šalek Valley are significantly lower (p<0.001 for all areas), while for other elements burdens are lower in comparison with the Koroška region (p<0.001, p<0.01 and p<0.05 for Cd, Pb and Zn, respectively) as well as with the Pokljuka Plateau in the case of Hg (p<0.001). A previous study (Pokorny 1999a) showed also significantly lower burdens of Cr, Ni and Cu in spleens of roe deer shot in the Šalek Valley in comparison with the Zasavje and the Koroška region. Accordingly, the Šoštanj Thermal Power Plant has evidently reduced its own negative impact on the environment since the cleaning device was built. The conclusion is consistent with the study (Ribarič-Lasnik et al. 1999 ) considering some other pollutants, such as sulphur dioxide.
The Triglav National Park was included in the study as a control area without any local emission sources. Nevertheless, the average Hg levels in kidneys of roe deer shot at Table 3 . Levels of Hg (mg kg -1 wet weight) in kidneys of roe deer shot in some Slovenian regions in 1997. The arithmetic means (ā) with the 95% confidence intervals, coefficient of variation (CV %) and range (Min, Max) are given. , 2.5-5-fold higher as near the Slovenian thermal power plants of Šoštanj and Trbovlje, respectively), the possibility that animals are being exposed to contaminants that we would not have expected from other data is demonstrated. The conclusion suggests that beside single point sources, multiple dispersed sources of pollutants should also be considered as an important contribution to metal burdens in wildlife. Therefore, rather than precisely determine sources of heavy metal pollution, the use of wildlife as accumulative indicators should be aimed at detecting affected areas for the needs of performing relevant risk-assessment.
Here we do stress that only preliminary results of first sampling year are given in the paper, thus some simplifications in data interpretation were made. Especially, differences in the abiotic environment (altitude, precipitation, soil etc.) of the home range of each single animal were not taken into account. However, the areas represented here as "hot spots" have generally very similar environmental conditions (Fridl et al. 1998) . They are all situated in the prealpine region with a moderately warm and moist climate (an annual rainfall between 1200 and 1600 mm, a mean year temperature 6 -10°C). The predominant soil types in all the areas are acidic brown soils on silicate rock and brown soils on carbonate rock, while the potential natural vegetation belongs to the Fagetalia associations (e.g. Castaneo-Fagetum, Hacquetio-Fagetum, Ostryo-Fagetum). Thus, it is reasonable to assume that, in spite of simplifications, the levels of heavy metals found in tissue samples reflect the influence of environmental pollution on the heavy metal burdens in wildlife. Table 6 . Statistical comparison among areas (ANOVA; differences between two areas were determined by calculation of LSD, which are presented herein; the actual differences in arithmetic means for selected element between two areas are given in parenthesis; for n see Tables 1-5 1 LSD: lowest significant difference (actual difference "line -column" is given in parenthesis); NS: difference is not significant; *: p<0.05; **: p<0.01; ***: p<0.001. Table 7 . Levels of Cd, Hg, As and Zn in kidneys and Pb in liver of roe deer in some European countries and white-tailed deer in the North America (mg kg -1 wet weight Beside the comparison among Slovenian regions, a collation with some other countries could be interesting as well. A review of some previous research papers concerned with heavy metal levels in viscera of European roe deer and North-American white-tailed deer (both species have rather similar ecological niches) is presented in Table 7 . To make those results comparable with our study, only Cd, Hg, As and Zn levels in kidneys and Pb levels in liver are given. It should be stressed that comparison among studies should be made with a caution due to different environmental conditions as well as due to some discrepancies in methodology (e.g. different seasons of deer hunting, (non)consideration of animal's age in processing of data, (non)elimination of secondary contamination by lead bullets, need for recalculation from dry weight basis in some studies). Nevertheless, it seems that the levels of Hg, As, Zn and Pb in roe deer tissues from Slovenian regions generally do not differ (they are in the same order of magnitude) from data obtained in previous studies. On the contrary, Cd levels in kidneys of roe deer shot in the vicinity of Slovenian metallurgical and electricity generating centres are noticeably higher in comparison with levels obtained in previous studies. At least three reasons should be considered: a) temporal remoteness of studies, b) (non)consideration of animal's age in processing of data and c) choice of sampling area in a spatial sense.
Firstly, the majority of cited studies were performed in 1980s. Since the Cd burdens have significantly increased in the last decade (as it is shown by temporal comparison for the Koroška region), the comparison among studies made in different periods could be misleading. Secondly, age was not taken into account in data interpretation in the majority of cited studies (see Table 7 ), therefore the Cd levels could not be directly compared with our research. That discrepancy can certainly be an important reason for high levels of Cd, obtained in our study. If we pooled together data for all age classes, the mean levels of Cd in kidneys would be 5.30 mg kg -1 , 15.2 mg kg -1 , 7.8 mg kg -1 and 3.17 mg kg -1 of a wet weight in the Šalek Valley, the Koroška region, the Zasavje region and the Pokljuka Plateau, respectively. Except the Koroška region, those levels are comparable with other studies. Finally, the bioindicative approach was emphasised in our research project, thus sampling areas were chosen in the vicinity of local pollution sources. On the contrary, in many of cited studies the sanitary approach (establishing the edibility of game organs) was stressed, therefore wide-ranged areas were investigated. From that point of view, the study performed near the zinc smelter in Pennsylvania (Sileo and Beyer 1985) is comparable with our work in the Koroška region. In both regions, levels of Cd in deer kidneys are extremely high and decline with the distance from the smelter. In the case of the Koro?ka region, those levels decrease by 20% in the distance between 10 and 13.5 km (considering the site where each animal was shot) relative to the decrease over the first 10 km (Pokorny and Ribari?-Lasnik 2000) . The decline is even more evident for Pb; its levels in liver decrease by 80 % in the distance between 5 and 9.9, km relative to its decline up to a distance of 4.9 km (ibid).
The influence of distance from local emission sources on the heavy metal levels in soft tissues of roe deer, together with spatial and temporal comparisons given in the paper, confirm the bioindicative value of the species. Due to its choice of fodder (its favoured food often contains more heavy metals than other plants at the same location; Müller 1985) , roe deer generally accumulate more toxic elements (especially Cd and Hg) than other wild ungulates found in central Europe (see Tataruch 1991 , Michalska and Zmudzki 1992 , Findo et al. 1993 for comparison with red deer; Pokorny 1999b for fallow deer Dama dama, Tataruch 1991 for chamois Rupicapra rupicapra). Therefore, of central European ungulates, roe deer is probably the best bioindicator of heavy metal burdens of the environment. Since it is also the most numerical and consequently the most important big-game for the higher links of food-web (including humans), the analyses of heavy metal levels in roe deer tissues have also other benefits, such as environmental and human risk assessment. Because animal tissue levels of heavy metals can provide important data regarding the fate and bioavailability of contaminants within natural ecosystems (Wren 1986 ), survey of residues in wildlife tissues (together with monitoring various physical, chemical and biological compartments of an ecosystem) is important from the bioindicative and conservation, as well as anthropocentric point of view.
